The authors utilize an analytic strategy that combines tree-based analyses with the method of MantelHaenszel to evaluate the association of 11 putative risk factors to spontaneous abortion by controlling for 19 potential confounders. Logistic regression is also used for comparison. The data for this study were collected in southern Connecticut, during 1988Connecticut, during -1991. The putative risk factors are employment; standing, walking, or sitting more than 2 hours at work; exposure to vibration at work; commuting to work; reaching over the shoulders at work; carrying loads over 9 kg on the job; drinking alcohol or coffee in the first month of pregnancy; and gynecologic problems before pregnancy. The potential confounding factors are maternal age, marriage status, race, years of education, mother's height, use of birth control, number of pregnancies, smoking before pregnancy, years of smoking, whether the mother stopped smoking, smoking marijuana, passive exposure to marijuana, chronic problems, infertility, cocaine use, and history of negative pregnancy outcomes. This analysis indicates that carrying loads over 9 kg on the job at least once a day increases the risk of spontaneous abortion by 70% (relative risk (RR) = 1.71,95% Cl 1.25-2.32). Drinking three or more cups of coffee daily in the first month of pregnancy also elevates the risk of spontaneous abortion (RR = 2.34, 95% Cl 1.45-3.77). Reaching over the shoulders at least once daily has a marginally significant impact on spontaneous abortion (RR = 1.35, 95% Cl 1.02-1.78). The authors conclude that this analytic strategy offers an efficient approach to the exploration of new risk factors for a disease where many potential confounders already exist. Am J Epidemiol 1996;144:989-96. abortion, spontaneous; epidemiologic methods; pregnancy outcome; risk factors Spontaneous abortion continues to be one of the most difficult reproductive outcomes to study using epidemiologic methods. The heterogeneous nature of the phenomenon is that abortions due to errors in fetal development resulting from genetic or chromosomal anomaly have a distinct epidemiology from abortions following developmental anomaly of a chromosomally normal fetus, and both of these differ in etiology from abortions because of anatomical problems of the uterus and placenta (1). Other difficulties in this area of research include failure to detect a large proportion (perhaps the majority) of spontaneous abortions (2) and the large number of known and suspected confounding risk factors that must be considered before one is able to evaluate the possible role of new environmental factors in increasing risk.
Spontaneous abortion continues to be one of the most difficult reproductive outcomes to study using epidemiologic methods. The heterogeneous nature of the phenomenon is that abortions due to errors in fetal development resulting from genetic or chromosomal anomaly have a distinct epidemiology from abortions following developmental anomaly of a chromosomally normal fetus, and both of these differ in etiology from abortions because of anatomical problems of the uterus and placenta (1) . Other difficulties in this area of research include failure to detect a large proportion (perhaps the majority) of spontaneous abortions (2) and the large number of known and suspected confounding risk factors that must be considered before one is able to evaluate the possible role of new environmental factors in increasing risk.
We reported previously on the potential use of treebased analytic methods to investigate the epidemiology of related reproductive outcomes, preterm deliv-ery, and small-for-gestational-age birth (3) . As does spontaneous abortion, these outcomes often involve analyses that attempt to disentangle the effects of risk factors of new interest from a large variety of known or suspected confounders. The situation is shared by many diseases such as cancer and coronary heart diseases (4) (5) (6) (7) (8) . Our analytic strategy is motivated by this common issue. We use a recently completed data set that, with one exception (9) , has not previously reported the spontaneous abortion outcomes.
MATERIALS AND METHODS
Women who received prenatal care at 11 private obstetric practices and two health maintenance organizations in southern Connecticut form the study population. For this analysis, the data include 2,849 women who had initial home interviews during weeks 5-16 of pregnancy between April 5, 1988 , and December 1, 1991, whose pregnancies resulted in a singleton livebirth or a spontaneous abortion. Initial home interviews were conducted early in the pregnancy so that evaluation of spontaneous abortion in mid-to-late first and second trimesters was possible. A more detailed description of the data set has appeared elsewhere (10), and some important characteristics of our study sample are presented in table 1.
We considered 11 putative risk factors. Most of them are job-related or reflect the pregnant women's behavior since pregnancy. One of them concerns gynecologic problems before pregnancy. To evaluate these risk factors, we also considered other factors that might alter the association. This analysis includes 19 covariates that have been examined frequently in the literature (1, (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . Tables 1 and 2 give detailed descriptions of the 19 potential confounders and the 11 putative risk factors, respectively. The list of confounders concentrates on maternal characteristics before pregnancy. It includes demographic and behavioral factors as well as those related to pregnancy history.
The method of 27 ) is used here in addition to the tree-based method because we wanted to find the adjusted relative risks to conform with the prospective study design. For those interested in tree-methodology, Zhang and Bracken (3) briefly described tree-based methods for analyzing data from prospective studies, and Zhang et'al. (28) discussed statistical issues that arise from the analyses. The paper by Breiman et al. (29) is a definitive reference for a general discussion of tree-based methods. For applications of this methodology, interesting examples Our analysis proceeded in four steps. First, we evalare included in references 4-8. Programs used for this uated the marginal association between spontaneous analysis are available upon request to the first author abortion and each of the 11 risk factors. Second, we or by electronic mail to heping.zhang@yale.edu.
applied tree-based methods to stratify the study pop-ulation into subgroups that are relatively homogeneous in the distribution of spontaneous abortion. The determination of these subgroups was based on a selected subset of the 19 confounders in table 1. This step actually yielded seven strata for this analysis. Then we applied the method of Mantel-Haenszel (26, 27) in stratified samples and derived adjusted relative risks. If our stratification were determined a priori without the help of the tree-based method, this step would be the same as the method used by Mills et al. (30) and Giovannucci et al. (31) among others. Moreover, if we used linear discriminant analysis to stratify the data, this step would be the approach proposed by Miettinen (32) . Therefore, the confounding factors were controlled through the strata. In other words, we used tree-based methods to reduce the data dimension of the confounding factors and to construct a filter for the evaluation of new risk factors. This process will become more apparent as we report the results. Finally, we also conducted the analysis using logistic regression for purpose of comparison. The analytic approach of this work extends but differs from that of Zhang and Bracken (3). Here we divided a priori the explanatory variables into two types, i.e., putative risk factors and confounders, according to the nature of the exposure and clinical interest. We now utilize an additional stage that puts all putative risk factors through the filter of confounders to yield the adjusted relative risks for the new risk factors.
RESULTS

Analysis of marginal association
First, we examined the marginal association between spontaneous abortion and the 11 putative risk factors by using the x 1 test. The crude relative risks and their 95 percent confidence intervals are listed in table 2. "Carrying loads over 9 kg on the job" showed significant marginal association at the level of 0.05. This factor has three categories: 1) those who did not carry loads over 9 kg daily at work (unemployed women included); 2) those who carried loads over 9 kg less than once per day; and 3) those who carried loads over 9 kg at least once a day. Seventy-five, 11, and 14 percent of the subjects, respectively, fell in each of these categories. Although there is hardly any difference in the rates of spontaneous abortion between the first two categories, the difference was significant between the first two and the third. With the group not carrying loads over 9 kg as the reference, the relative risk due to carrying loads over 9 kg at least once daily was 1.71 and its 95 percent confidence interval (CI) was 1.25-2.32. The other factor that showed significant marginal association at the level of 0.05 was "drinking coffee in the first month of pregnancy." The crude relative risk of frequent coffee drinkers (three or more cups daily) compared with nondrinkers was 2.45 (95 percent CI 1.38-4.35).
Construction of filter by tree-based method
Next, we made use of tree-based methods to divide the study sample into a number of meaningful and homogeneous (in terms of the distribution of the outcome) subgroups. In tree terminology, a subgroup is also called a node. Since we previously described the tree-based method in a nearly identical application (3, 28), we do not repeat the description. For the present purpose, it is more relevant to understand the output from the method, as summarized by figure 1. Figure 1 can be read as follows. Node 1 is the entire study population of 2,849 pregnant women. The overall rate of spontaneous abortion is 4.7 percent. This sample is first divided into two age groups aged 13-35 and greater than 35 years. The younger group is called node 2, and the older group is node 3. Note that the rates of spontaneous abortion in nodes 2 and 3 become 4.1 and 8.6 percent, respectively. Age 35 years is a traditional choice of age grouping for perinatal studies, and it is an interesting coincidence that the computer also found the traditional choice to be optimal. Let us now give a brief introduction to the optimalization process that the computer has gone through to select the first grouping. The aim is to enhance the relative risk of spontaneous abortion between nodes 2 and 3 among many possible ways of splitting. For example, the age variable alone may create 32 possible age groupings. All of the other 18 confounders also contribute multiple splits of the sample, i.e., node 1. The idea is that a significantly influential risk factor should yield a high-quality partition of the sample so that the risks in the resulting groups are very different. Zhang and Bracken (3) described in detail the pool of allowable splits in a closely related topic. Among all allowable splits of this study sample, the split of age at 35 years turned out to be the best possibility in terms of the entropy criterion as specified in equations 1 and 2 in the appendix to the paper by Zhang and Bracken (3).
The same process is then used to split nodes 2 and 3. The greatest contrast of the spontaneous abortion rate is found through race for the younger group, since node 2 is divided into three ethnic groups. Usually the tree-based method splits a node into only two subgroups. The computer selected the racial split as: "white, Asian, and Hispanic" versus "black and others." Since there was no spontaneous abortion reported among the 60 Hispanic pregnant women, we separated them from white and Asian women. The older group (node 3) is split by the prior use of any birth control. Only one node, number 5 in the third level of the tree, is further divided. It is the group of young white or Asian women, constituting the majority of the study sample. Their risk of spontaneous abortion is 3.7 percent. For them, the partition is whether they have smoked for more than 13 years. Finally, if they have smoked for 13 years or fewer, they would be in node 9, which is again divided into nodes 11 and 12 according to previous history of spontaneous abortion (one or less versus two or more). As identified by rectangles, seven nodes (numbers 4, 6, 7, 8, 10, 11, and 12) in figure 1 were not divided and are called terminal nodes. The determination of terminal nodes is a relatively complex process, and we refer interested readers to the paper by Zhang et al. (28) . Heuristically, a node is called terminal when further partitions are not useful in improving our prediction of spontaneous abortion. Note that every study subject eventually falls into one terminal node. For example, a woman older than 35 years belongs to terminal node 7 if she did not take any birth control.
Because of this unique membership of terminal node, the seven terminal nodes are viewed as seven strata.
Adjusted risks
Our primary goal is to evaluate the risk of spontaneous abortion due to a set of hypothesized new risk factors controlling for the 19 confounders. We can achieve the goal by deriving the adjusted common relative risk of the seven strata (26, 27, 30, 31) .
Although our primary purpose is not to assess the risk of the potential confounders on spontaneous abor- tion, it is still helpful to outline their effects. Table 3 compares every pair of the nodes. To avoid technicality, it reports only the crude estimates of the relative risks and their confidence intervals. Interested readers may see the paper by Zhang et al. (28) for a more reliable estimation procedure. Now we report the Mantel-Haenszel adjusted relative risks for the 11 new putative risk factors. The computation was done in S-Plus (33) . Three risk factors showed significant effects. One factor was "carry load over 9 kg at least once daily" (RR = 1.71, 95 percent CI 1.25-2.32). For "drinking coffee (first month)," we found that the estimated relative risk of spontaneous abortion due to drinking three or more cups daily was 2.34 with an approximate 95 percent CI of 1.45-3.77, when the reference is those not drinking coffee. Finally, a more modest risk factor was "reaching over the shoulders at least once daily" (RR = 1.35, 95 percent CI 1.02-1.78). Table 2 presents more detail on the association of the risk factors with spontaneous abortion. In this table, crude relative risk refers to the unadjusted relative risk, the adjusted relative risk is the Mantel-Haenszel estimate, and the adjusted odds ratio is from logistic regression.
For the purpose of comparison, we also report here the analysis of using logistic regression. On the basis of figure 1, the main and interaction effects of the five variables (age, race, years of smoking, miscarriage, and use of birth control) that stratify the study sample are included in the initial logistic regression. A forward, stepwise procedure selected a logistic model with three significant terms: age (p = 0.002), race (whites and Asians, p = 0.04), and race (Hispanics, p = 0.01). Next, we examined 11 additional logit models by adding and then deleting one of the 11 putative risk factors, one at a time, into the selected three-term logit model. The results are reported in the last two columns of table 2. It is apparent from table 2 that the three estimates of risk (crude relative risk, adjusted relative risk, and adjusted odds ratio) give very close answers. Therefore, for this analysis, it seems unwarranted to adjust the risks for the 11 new risk factors. However, this does not mean that it is not necessary to compute the adjusted relative risk and odds ratio because we cannot draw this conclusion without them. Moreover, not only does our two-stage analysis give estimates for relative risks but, as discussed further below, it also suggests associations that may not be apparent from a standard analysis using logistic regression.
The analysis presented in table 2 includes the history of spontaneous abortion as a confounder. It is conceivable that some of the risk factors for the present and past spontaneous abortions are in common. Therefore, the use of the history of spontaneous abortion as a confounder may obscure the associations of interest. To clarify this issue, we replaced the split by the history of spontaneous abortion for node 9 in figure 1 by a competitive split. This competitive split is based on whether or not a pregnant woman had ever been pregnant before. Using the same reference groups and the same method as above, we recalculated the adjusted relative risk for the 11 putative risk factors in table 2. We found that the replacement of the split for node 9 in figure 1 had little effect on the adjusted relative risks, although the limits of the 95 percent confident intervals are relatively less stable. The stability of the estimates for the relative risks is expected for the present application, since we have noted before that even the crude estimates are very close to the adjusted ones.
DISCUSSION
This report has described a method to facilitate risk analysis by summarizing the information in the confounders first and, hence, simplifying the evaluation of a newly hypothesized set of risk factors, given the presence of potential confounders. The focus of our analysis has been on the putative risk factors rather than on the potential confounders. Nevertheless, it is worthwhile to point out that during the process of constructing the tree in figure 1 we confirmed the findings of many previous studies. We summarize some of these findings below.
The effect of age on spontaneous abortion has been well documented in the literature (1, (11) (12) (13) (14) (15) . Some (11) (12) (13) reported doubled risk of spontaneous abortion in pregnant women older than 40 years. Others (14) suggested an age threshold of 35 years, while Quenby and Farquharson (15) found an improved prediction of recurrent miscarriage with an age cutoff of 30. In our analysis, not only did we see the importance of age ( figure 1 and table 3 ), but also the tree-based methods selected the first split of the study sample based on whether a pregnant woman was older than age 35 years.
Race has been found to be a risk factor of spontaneous abortion in some studies (1, 11) . As shown in table 3, among young pregnant women, black women suffered a more than a doubled risk of spontaneous abortion compared with whites, Asians, and Hispanics. Many previous studies (1, 11, 15-18, 22, 23) suggest that smoking and previous spontaneous abortion play significant roles in spontaneous abortion, although there still exists uncertainty about the role of smoking (17) . Our analysis using both the tree-based method and logistic regression may shed some light on this discussion. For example, figure 1 indicates that Am J Epidemiol Vol. 144, No. 10, 1996 Risk Factor Analysis of Spontaneous Abortion 995 long-time smokers may be at significantly high risk of spontaneous abortion. In contrast, "years of smoking" does not get into a logit model obtained by a standard procedure because the increment of risk due to each additional year of smoking is not significant.
Tree-based analysis is useful for associations that express themselves when the effects of high and low exposures are compared and that vary among different groups. Several studies have examined prior use of oral contraceptives as a risk factor for spontaneous abortion (11, (19) (20) (21) (22) , but no association has been seen. Spermicide use is also not widely thought to increase risk, but the use of intrauterine devices has been so associated (1) .
Risk of spontaneous abortion was found to increase for women who carried loads of more than 9 kg at least once a day or reached over the shoulders at least once a day, neither of which is a recognized risk factor. This analysis suggests that these occupational exposures merit additional study. Drinking three or more cups of coffee daily in the first month of pregnancy was also found to be a discrete risk factor for spontaneous abortion. Focusing on the effect of caffeine intake, another analysis (9) of the same data set found coffee to be a more powerful predictor of spontaneous abortion than caffeine, with which it is highly correlated. The overall literature remains inconclusive with respect to the relation of either coffee or caffeine and spontaneous abortion (34) .
Logistic regression is a commonly used approach to evaluate risk factors while controlling for confounders. This approach assumes certain linear structures in the data. In contrast, nonparametric, tree-based methods do not make this restrictive assumption. With a large sample and a large number of predictors (particularly categorical ones, each of which requires several dummy variables), it is convenient to use tree-based methods in model selection to avoid the use of logistic regression in a laborious process of model selection. A thorough search for optimal models becomes exponentially more difficult when the number of variables (including dummy variables) increases. Moreover, transformations and interactions of the observed predictors are often excluded to avoid an exhaustive search.
A novel feature of this analysis is the use of both logistic regression and the Mantel-Haenszel method after the tree-based analysis. In this way, we utilize the computer to perform a nearly automatic model selection through the tree-based method and then address specific hypotheses by estimating adjusted odds ratio and relative risks. Many epidemiologic investigations encounter the same analytic issue as we have here.
Therefore, our statistical analysis may provide an example for a broad range of epidemiologic studies.
